Due to the relatively large bandgap and strong polarization effects of AlN, AlN/GaN heterostructures can result in a high two-dimensional electron gas (2DEG) concentration and good carrier confinement with thin barrier layers. AlN/GaN high electron mobility transistors (HEMTs) are very attractive for high frequency and high power applications. [1] [2] [3] [4] In addition, ultrathin AlN barriers allow good gate control capability and a high aspect ratio (gate length and gate to channel distance) to mitigate the short channel effects. However, low quality thin AlN and poor interfaces can lead to problems such as large leakage current and surface sensitivity, limiting the device performance and reliability. Several dielectrics such as Al 2 O 3 , 3-6 SiN x , 7 HfO 2 , and Ta 2 O 5 (Refs. 8 and 9) have been explored as gate insulators in AlN/GaN HEMTs. Most of these insulators are deposited ex situ, which may introduce additional growth-and process-related defects on the devices. In contrast, an metal-organic chemical vapor deposition (MOCVD) in situ grown SiN x layer immediately after the transistor structure would be advantageous over existing ex situ deposited insulators for better surface passivation effects and suppression of gate leakage current. 1, [10] [11] [12] [13] High temperature growth by MOCVD can facilitate the formation of high quality in situ SiN x films. However, limited work has been reported with successful use of in situ SiN x as gate dielectric for AlN/GaN metal-insulator-semiconductor (MIS) devices. Higashiwaki et al. even found that the in situ SiN x gate dielectric can lead to larger gate leakage when compared with the ex situ deposited ones.
14 On the other hand, high performance AlN/GaN HEMTs have been reported with in situ SiN x cap layer for surface passivation rather than gate dielectric. The SiN x in the gate region was selectively removed during the device fabrication. 1 Hence, detailed characterization of in situ SiN x layer over AlN/GaN heterostructures is very useful, specifically for gate dielectric applications in AlN/GaN MIS devices.
In this letter, we report a study of in situ SiN x thin film grown on AlN/GaN heterostructures by MOCVD. Both material structural and electrical characterizations were performed to evaluate the performance of the in situ SiN x film as a gate insulator.
The in situ SiN x /AlN/GaN heterostructures were grown on 2-in. Si (111) substrates in an AIXTRON2000HT MOCVD system. 10 The epi-layers consist of, from bottom to top, a 45 nm AlN nucleation layer, 1.3 lm strain/resistivity-engineering buffer layers, a 1 lm GaN layer, a 1.5 nm AlN barrier layer and finally an in situ SiN x cap layer. The in situ SiN x was deposited immediately following the AlN/GaN heterostructure growth in the MOCVD chamber using silane and ammonia as precursors. The chamber pressure and substrate temperature were 100 mbar and 1145 C, respectively. For the characterization of electrical properties, circular MIS diodes were fabricated. Firstly, mesa etching for device isolation was performed using a CF 4 Atomic force microscopy (AFM) and transmission electron microscopy (TEM) observations in Fig. 1 show good surface morphology and uniform coverage of the thin SiN x . The root mean square (RMS) roughness across a 5 lm Â 5 lm scanned area is 2.15 nm. The thickness of the in situ SiN x film is 7 nm. The growth time was 28 min, and thus the growth rate is determined to be 2.5 Å /min.
To quantify the nitrogen composition in the SiN x film, x-ray photoelectron spectroscopy (XPS) measurements were carried out. The XPS spectra were acquired after sputter removal of about 2 nm material from surface by argon. The binding energy measurement was calibrated by correcting C1s peak to be 285 eV. 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: bonds (101.5 eV) and a mixing of Si-N and Si-Si or Si-H bonds (100.6 eV) were extracted from the spectrum. 15, 16 It was found that the in situ SiN x in this study is Si-rich with a N/Si ratio of 1.21, similar to the reported results in Ref. 17 .
Leakage current measurements of the MIS diodes with 3 nm and 7 nm in situ SiN x were carried out, with the samples biased in the accumulation region. Fig. 3 shows the current density (J L ) versus electric field (E F ) plots, along with data of MOS diodes made with various thickness of Al 2 O 3 . Direct tunneling current was observed for the 3 nm in situ SiN x film, while the film with a thickness of 7 nm shows no significant direct tunneling. On the other hand, the reference sample with 7 nm Al 2 O 3 shows direct tunneling phenomenon. Leakage current plots for the thicker Al 2 O 3 on conventional AlGaN/GaN heterostructures in Refs. 18 and 19 are also included in Fig. 3 for comparison. At low field, the leakage current of the 7 nm in situ SiN x diode is comparable with that of much thicker Al 2 O 3 MOS diodes. The breakdown field (E BD ) for the 7 nm in situ SiN x on AlN/GaN heterostructures is around 5.7 MV/cm, as shown in the inset of Fig. 3 .
To determine precisely the nature of conduction in the in situ SiN x film, log(J L /E F ) vs E F 1/2 of the 7 nm in situ SiN x sample for E F up to its breakdown limit is plotted in Fig. 4 . It is revealed that the in situ SiN x exhibits a typical silicon nitride behavior. [20] [21] [22] The curve can be fitted accurately by the combination of an Ohmic conduction mechanism and a Frenkel-Poole emission mechanism, described by
and
respectively. A high resistivity (q ohm ) of >10 14 X Á cm was obtained at a field lower than 1.3 MV/cm for the 7 nm in situ SiN x film. The Si-rich in situ SiN x in this study contained relatively high concentrations of Si dangling bonds and distorted excess Si-Si bonds, which may result in midgap defect states or bulk traps inducing more electrical conduction by Frenkel-Poole emission. 20, 21 Thus, the resistivity and breakdown field can be further improved by optimizing in situ SiN x growth conditions by MOCVD, such as temperature, pressure, and the gas flow of silane and ammonia, by adjusting the N/Si ratio. the presence of a high quality interface between the in situ SiN x layer and the AlN/GaN heterostructure. 19, 23 Using the measured capacitances of the MIS diodes with 3 nm and 7 nm in situ SiN x , 1037 nF/cm 2 and 661 nF/cm 2 , respectively, and series capacitance combination with the 2DEG accumulation region 1=C MIS ¼ 1=C SiN x þ 1=C AlN , the capacitance of 7 nm in situ SiN x was determined to be 1042 nF/cm 2 . The effective dielectric constant of the in situ SiN x in this work was deduced to be $8.3, higher than the typical value of 7.5 for stoichiometric Si 3 N 4 . The higher value could be due to the higher silicon content in the film, 21, 22 as determined by the XPS composition analysis.
A frequency dependent conductance analysis was performed in the frequency range of 1 kHz to 1 MHz to evaluate the trapping effects in the in situ SiN x /AlN/GaN MIS diodes. Fig. 6 shows the plot of parallel conductance (G P /x) as a function of the radial frequency (x) for selected gate voltages near the threshold voltage (V th ) of the MIS diode with 3 nm in situ SiN x . The trap state density (D T ) and the time constant (s T ) can be extracted by fitting the experimental G P (x) data using 24 G
A good fitting was obtained, as demonstrated by the continuous curves in Fig. 6 , indicating excellent quality of the in situ SiN x gate dielectric. 24, 25 The trap energy level below the conduction band, designated as interfacial states (E T ), can be deduced from s T by the Shockley-Read-Hall statistics
where N c ¼ 4. 25 . The relatively high trap states density is believed to be stemmed from the low quality thin barrier layer of the AlN/GaN heterostructures grown on a Si substrate. On the other hand, the trap states density for the MIS diodes with 3 nm in situ SiN x is about two times higher than that of the MIS diodes with 7 nm in situ SiN x . This phenomenon has also been observed on Al 2 O 3 /AlGaN/GaN structures 25 and could be explained by the different surface passivation effects of the SiN x layers with different thicknesses. 10, 26 In conclusion, MOCVD grown in situ SiN x on AlN/GaN heterostructures has been investigated by AFM, TEM, XPS and electrical characterization of MIS diodes. It was found that the in situ SiN x is Si-rich, with a N/Si ratio of 1.21. The I-V and C-V characteristics of the in situ SiN x /AlN/GaN MIS diodes exhibit a high resistivity of >10 14 X Á cm and a breakdown field of 5.7 MV/cm for the 7 nm in situ SiN x film and reveal a high effective dielectric constant of $8.3. The trap states density for the MIS diodes with 7 nm in situ SiN x was evaluated to be on the order of 10 12 cm À2 eV À1 by frequency dependent conductance analysis. The achieved results demonstrate the feasibility of in situ SiN x as gate dielectric for high performance AlN/GaN MIS devices. This work was supported in part by the Research Grants Council (RGC) theme-based research scheme (TRS) of the Hong Kong Special Administrative Region Government under Grant No. T23-612/12-R. The authors would like to thank Z. Liu, T. Huang, and Q. Li for many helpful discussions and the staff of the NFF and MCPF of HKUST for technical support.
